A variable-intensity sampling method was developed to efficiently monitor all cabbage pests in commercial fields in New York while concentrating on the most important pests, Pieris rapae (L.) and Trichoplusia ni (Hiibner). The field is walked in a V-shaped pattern which is divided into 10 segments. Along each segment, one to four randomly selected cabbage plants are inspected, the number depending on an estimate of population density of P. rapae and T. ni derived from previous segments. Computer simulations of this procedure were run, using random numbers from the appropriate negative binomial distribution, and the 95% confidence intervals calculated contained the true mean with frequencies between 93 and 97%. In a commercia] cabbage field, a comparison of estimates of the means obtained by variable intensity sampling and fixed sample sizes of 40 and 264 plants revealed only small differences. portant cabbage pests, T. ni and P. rapae (Andaloro et al. 198]). A sampling procedure was developed and tested based on the aforementioned objectives and the results are reported here.
Materials and Methods
Sampling occurred along a V-shaped transect, extending from one comer of the field to the middle of the opposite side and back to the other comer. One to four randomly selected cabbage plants were inspected along each of 10 equal segments of the transect. As sampling proceeded, the number of plants sampled along the next segment varied, depending on estimates of T. ni and P. rapae population density derived from previous segments. Insect pests, other than T. ni. and P. rapae, were noted on the plants examined. We conducted an extensive visual survey for diseases and weeds while walking along the transect.
Pest management should rely on some method of estimating pest population densities for treatment decisions. Sampling procedures that utilize a fixed sample size are inefficient when the pest population density is either very low or very high, because the sampling intensity is greater than necessary to make an estimate for a control decision. Sequential sampling, in which sampling is terminated when the pest population density is classified as either above or below a critical density, is more efficient (Onsager 1976) . Sequential sampling plans for cabbage looper, TrichopLusia ni (Hubner), (Shepard 1973) and imported cabbageworm, Pieris rapae (L.), (Harcourt 1966a) , have been developed for treatment decisions on fresh market cabbage. However, treatment decisions based on sequential sampling of insect pests alone can be unrealistic. If the insect pest population is within a critical range, the treatment decision is difficult, because additional variables such as present and expected growing conditions, previous crop stress, crop growth stage, expected crop value, and environmental factors that affect the pest population also must be considered. The treatment decision can be made easily on the basis of insect pest population alone if the density is either very low or very high. A sampling procedure should result in the most precise estimate when many variables must be considered in the treatment decision, but for efficiency, the estimate can be less precise when the treatment decision can be made solely on the basis of insect pest population density. An important objective in cabbage pest management is the early detection of other less common but potentially serious insect, disease, and weed pests. This requires an extensive survey of the entire field, which cannot be done if sampling is terminated quickly based on a sequential sampling decision. A need exists for an efficient sampling plan for any pest that might require control measures, but focuses on information for treatment decisions for the most im- Three steps were involved in the statistical development of this sampling procedure. First, the precision desired in sampling was established as a function of the mean, or the pest population density. Second, the sample size necessary to achieve the desired precision was calculated, also as a function of the mean. The objective was to estimate the underlying mean after each segment by using previous observations and then sample at an intensity to achieve the sample size desired for the es-. timated melln. The third step, therefore, was to design a system to identify the number of plants that should be sampled along any segment of the transect, given the estimate of the mean from previous segments. The final estimate of pest population density is calculated as if the sample size had been fixed before sampling. This is a reasonable estimate, considering the work of Anscombe (I 949) .
The function relating sample precision to the mean was based on an action threshold of 0.5 cabbage looper equivalent (CLE) per plant for fresh market cabbage (Shelton et al. 1982) . This technique standardizes insect damage by weighting each insect species by foliage consumption (1 CLE = I T. ni = 1.5 P. rapae). It was calculated that if a field is treated at this threshold throughout an average year, at least 95% of the cabbage heads would have no lepidopterous feeding dalfiage. However, the actual treatment threshold that will result in 95% heads without feeding damage can vary from 0.25 to 0.75 CLE per plant, depending upon growing conditions and pest population pressure. Therefore, the critical region where the highest precision and the highest intensity of sampling were desired was from 0.25 to 0.75 CLE per plant. Below population densities of 0.25 CLE per plant, the precision was established by placing the upper boundary of a 95% confidence interval on the mean at the average treatment threshold of 0.5 CLE per plant; above population densities of 0.75 CLE per plant, the precision was established by placing the lower boundary of a 95% confidence interval on the mean at 0.5 CLE per plant.
The desired sample size was calculated as a function of the mean, to achieve the precision specified above. Suppose that a total of n plants are inspected and x CLEs are observed where the number of CLEs on each plant follows a negative binomial distribution with known dispersion parameter k and unknown mean m. The total number of CLEs observed has mean nm and variance is used in equation 3, and a mean of 0.75 is used in equation 4, the calculated sample size in both cases is 40 plants. The region from 0.25 to 0.75 CLE per plant was where the highest precision was required, so in this region the desired sample size was fixed at 40 plants. Outside of this region, the desired sample size was established based on equation 3 or 4 (Fig. I) .
The estimate of variance used in these calculations was based on studies of the spatial distribution of the immature stages of T. ni and P. rapae by Harcourt (1961 Harcourt ( , 1965 . Counts for these two pests on randomly selected cabbage plants followed the negative binomial distribution. The variance of the negative binomial is related to the parameter k, a measure of aggregation, by the formula S2 = m + (m'/k). Harcourt proposes a common k of 1.79 for all stages of T. ni larvae (1966b) , and 2.52 for all stages of P. rapae larvae (I 966a). Since this procedure is based on CLEs, it was desirable to have an estimate of a common k for both species; therefore, a common k of 2, a rough approximation, was used for the present calculations.
In practice, the mean is not known when sampling begins, it must be estimated as observations are re- corded. The transect is divided into 10 segments and a maximum of four plants, because 40 plants is the maximum sample size; and a minimum of one plant, because at least one observation is desired in each segment, is to be sampled along each segment. To give a basis for deciding the intensity along the following segments, sampling along the first segment of the transect was fixed at the maximum intensity of four plants. The numbcr to be sampled along each successive segment after the first depends on the average number of CLEs per plant observed so far. If this number is between 0.25 and 0.75, the maximum sample size of 40 plants is indicated and four plants should be sampled; if the number is less than 0.25 or greater than 0.75, a sample size of less than 40 is indicated and the sampling intensity must be reduced at some point. To achieve approximately the required number of observations for the underlying mean, the sampling intensity along successive segments of the transect was established by finding a procedure that would give the required number of observations for any mean in the hypothetical case where each observation is exactly the mean. Table I gives the points, selected as guides, at which the sampling intensity changes. As an example, if each observation were 0.79, the sample size desired would be 30 plants and the first four segments of the transect would be sampled at an intensity of four plants per segment, the next three segments at three plants per segment, etc. A number of combinations of the four intensities could be used to produce a sample size of 30 plants, but the intensity combinations in Table I have practical merit in that the points at which the sampling intensity changes were graphed and, by interpolation, regions were established for the four sampling intensities. These regions were then used to make Fig. 2 , a chart that can be used to determine the number of plants to sample along the next segment of the transect, given the number of plants already sampled and the accumulated number of CLE found, rounded to an integer. The chart does not provide the exact sample size required for all means, but it does provide the correct sample size for many means and is within three observations for the rest in the hypothetical case where each observation is exactly the mean. The distribution of the sample sizes actually achieved when observations follow the negative binomial distribution was investigated by computer simulation.
Test of Procedure
The sampling procedure was tested on observations from the negative binomial distribution by a computer simulation to: compare the estimate of the mean produced by the sample and the true mean; compare the desired sample size and the actual number of plants sampled for a given mean; and determine the frequency of a fixed sample size 95% confidence interval about the observed mean containing the true mean. A computer program was developed that generated, for a given true mean, random numbers from thc negative binomial distribution with k = 2, and treated these numbers as counts of CLE on randomly selected cabbage plants to simulate the use of the sampling procedure field. One thousand replications of the test were used on means from 0.1 to 1.5 in increments of 0.1.
In practice, the value of k for counts of CLE is not constant, because the distribution pattern of T. ni and P. rapae varies from field to field and from day to day.Therefore, estimates produced by variable-intensity sampling were compared with estimates based on fixed sample sizes of 40 plants and 264 plants, using counts of T. ni and P. rapae taken in a commercial cabbage field near Geneva, N.Y., in July and August 1980. The field was divided into a grid with 66 equal sections. Four plants, selected at random, were inspected in each section. Counts from 10 sections along a V-shaped transect were used to estimate pest population density based on a fixed sample of 40 plants and a variable-intensity sample. This procedure was replicated over five different sampling dates in the commercial field.
Results
Computer simulations resulted in statistically acceptable performance of the procedure on the negative binomial distribution with k = 2 ( Table 2) . For means below 0.5, the average estimate was lower than the true mean; for means of 0.5 or greater, the average estimate was greater than the true mean. For means from 0.2 to 0.8, the desired sample size was greater than the average "Based on 1,000 replications for each mean. bAccording to Fig. ] . 'SD of the estimate.
sample size resulting from the procedure; for means below 0.2 and above 0.8, the desired sample size was smaller than the average sample size resulting from the procedure. The frequency of a fixed sample size 95% confidence interval about the observed mean containing the true mean ranged from 0,931 to 0.972. A comparison of estimates of pest population density derived from a variable-intensity sample and estimates derived from fixed sample sizes of 40 plants and 264 plants in a commercial cabbagt; field revealed only small differences (Table 3 ). The number of plants sampled by the variable-intensity procedure ranged from 13 to 40.
Discussion
The precision and the reduction of average sample size when using variable-intensity sampling make it a useful tool in pest management programs. The computer simulation demonstrated that the procedure worked well when observations follow the distribution for which it was designed, Changes in the value of k, which are to be expected in the field, made small differences in the precision achieved when using the procedure.
Variable-intensity sampling has advantages over conventional methods, It is more efficient than procedures that utilize a fixed sample size, because the effort required for a precise estimate of pest population density is expended only when necessary to make a management decision, It is more useful than a sequential sampling plan for cabbage pest management, because it requires that the procedure be implemented within a designated sampling pattern, the V-shaped transect. This requires that the field be covered by a visual survey and insures that plants are inspected throughout the field, minimizing the chances of missing an isolated pocket of infestation of any of the insect pests that could only be found by inspecting plants. Sequential sampling along a Vshaped transect could require the inspection of plants to be either terminated before or continued after the transect had been covered, Variable-intensity sampling does not require an exact action threshold, only a range of pest densities where treatment may be necessary, depending on additional variables. The result of the variable-intensity sampling procedure is not a treatment decision, as with sequential sampling; rather, it is information required to make a treatment decision. Possibilities for further improvements in the sampling procedure include a better definition of the precision needed in the estimate of pest population density, se- lection of a transect that would lower the samplevariance, and an improved valuc for a common k for T. ni and P. rapae.
